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INVESTIGATIONOFTHETIME VARIATIONOF
SPORADIC-ELAYERS

By L. G. Smith, J. F. Bedinger, and E. Constantinides
GCACORPORATION

GCATECHNOLOGYDIVISION
Bedford, Massachusetts

SUMMARY

Wind and electron density profiles have been obtained from a series
of five Nike Apache rockets launched at intervals of 90 minutes between
midnight and sunrise on 22 February 1968, at Wallops Island. In addition
to the irregular features normally seen in the lower E-region at night the
upper part of the electron density profile showsthe presence of a layer,
initially at 140 km, which is blanketed by the lower region. This layer
gradually descendsuntil it merges with the lower irregular region at
sunrise. Preliminary analysis of the data indicate that this upper layer
is described by the current theories of redistribution of ionization by
neutral winds. No such relation is found in the lower portion of the
E-region.



I. INTRODUCTION

The scientific objective of this contract is the investigation of
the relation between the time variation of the ionospheric wind struc-
ture and the temporal evolution of the electron density profiles. The
observational part of the program consisted of a series of five rocket
firings during February 1968, in which the electron density profile was
measuredwith a Langmuir probe and the winds were obtained from a vapor
trail released during the descending portion of the trajectory.

Following Dungey's (Ref. 1 & 2) suggestion that layers of enhanced
ionization are caused by the deflection of moving charged particles in
the terrestrial magnetic field, Whitehead (Ref. 3), Asford (Ref. 4) and
others, have formulated what has come to be knownas the "wind-shear"
theory of sporadic E. On the basis of this theory, the vertical velo-
city profile of ions can be determined (to within a constant that de-
pends on unknownelectric fields)from the vertical profile of the neu-
tral wind velocity. The '_ind-shear" theory predicts, in essence, that
sporadic-E layers are formed where the ion velocity profile has a node
and a negative gradient. From the relation between the ion velocity
and the neutral wind velocity it follows that sporadic E layers should
be formed where the neutral wind profile has the sameproperties (hence,
the term "wind-shear" theory). Previously, the relative positions of
observed layers of ionization have been comparedto the regions of shear
on observed wind profiles. It was found that somelayers are associated
with wind shear as predicted by the simple wind shear theory, but that
others are not so located. These previous data and the relation to the
current theories based on the steady state solution of the distribution
equation of charge are discussed in detail in the Final Report on Con-
tract NASW-1083(GCATR-67-11-N).

In the above report it was shownthat the temporal variation of
sporadic-E layers cannot be neglected, as is the case for the '_ind-
shear" theory. As a result of the incomplete description of observa-
tions offered by the steady state solution, a time dependent solution
of the equation governing electron densities was developed. This solu-
tion allows study of the initial development, as well as the location
of the ionized layers. A description of the time dependent solution and
the appropriate methods of data analysis are included in Section II and
III of this report. In Section IV, the rocket flights which comprise
the observational portion of the program, are described. Finally,
Sections V and VI contain preliminary discussions of a portion of the
resultant data.



II. TIME-DEPENDENTREDISTRIBUTIONTHEORY

The variation of electron density in the ionosphere is governed by
the equation of continuity:

_N
St - V (vN) + (q - L) + V (DVN) , (1)

where N is the electron density, _ the drift velocity, q and L the pro-

duction and loss rates, respectively, and D the coefficient of diffusion.

The quantity v__Nis referred to as the "induced flux", while DEN repre-

sents the diffusive flux. Equation (I) states that the rate of change

of the electron density is diminished by the net outward flux due to

drift and diffusion, increased by the local rate of electron production

and decreased by the local rate of electron loss.

The occurrence of horizontal layers of enhanced ionization in the

E-region (commonly referred to as "sporadic E" and designated as Es)

must ultimately result from the variation with height of one or more of

the quantities X, q, and L. Any theory that attributes the formation

of sporadic E primarily to the vertical variation of _ may be reasonably

called a "redistribution theory". Several authors (Ref. 4 & 6) have

contributed to the "wind shear" theory, which may be described as a

"steady state" redistribution theory (_N/_t is set equal to zero in

Equation i). This section considers a redistribution theory, based on

a simplified version of Equation (i), which emphasizes the location and

initial development of the layers of enhanced ionization.

The following assumptions are considered reasonable for middle

latitudes: (i) Since the horizontal extent of E s layers is of the order

of hundreds of kilometers, the horizontal variation of all quantities

may be neglected. (2) A single species of positive ions is present,

hence the recombination term has the form _N 2, where _ is the recombina-

tion coefficient. The loss term is then given by

L=o_ 2

(The electron attachment term SN, where _ is the effective reaction rate

for electron attachment, will be considered negligible here.) (3) The

night-time value of the production rate is negligible:

q_0



(4) The diffusion term is unimportant, except for very narrow layers.
(5) The drift velocity has a vertical componentonly, and this component,
w,is a known, time-independent function of height.

Since layers tend to becomemore narrow in time, assumption (4)
breaks downat a certain state of the development of a layer. Similarly,
suitable time limits determine the validity of assumptions (i) and (5).
Assumption (2) is probably valid above a certain height most of the time
and over most of the E region at night.

These simplifying assumptions reduce Equation (I) to the form

_N _ (7_N2$-_= - _zz(wN) - (2)

The general solution of this equation may be written in terms of the
quantity M, defined as the reciprocal of the electron density:

-I
M = N ; (3)

and in terms of a characteristic coordinate {, defined by the differen-
tial relation

Thus,

d{ = dz/w(z) (4)

z

M(z,t) = w(_)w(z)M(_,0) + gzw(z)

dE I

[w(z')]
,

(5)

where _ is defined as follows: If Equation (4) is solved so that z is

obtained as a function of {,

z = f(_) , (6)

then

= f({-t) (7)b

4



Finally, M(z.0) is the initial value of M(z,t). It must be emphasized
that (5) is a formal solution only; the definition of _ may encounter
difficulties owing to the singularities of Equation (4). The following
examples are chosen to demonstrate a number of interesting conclusions.

Model i: w = w + WlZo (8)

This may be called the "Uniform Wind Shear" model. The solution is

Wlt _ wlt
M(z,t) = e M(_,0) +-- (e -I) , (9)

w I

where

-i -wit

_ = wI [(w° +WlZ) e - Wo] (I0)

Note that if the initial density is independent of height, it remains

such for all time. Thus, even a strong wind shear (of the "correct"

sign) will not necessarily lead to the formation of a layer of enhanced

ionization.

2

Model 2: w = w + WlZ + w2z 2
o , w I > 4 WoW 2 (II)

In this model the vertical drift velocity varies quadratically with

height and vanishes at the heights

w I _+ 7 2 WOW2)½
z+__= 2w 2 , 7 = + (w I - 4

(12)

In terms of z+ and z_, the parameter w may be expressed as

w = w 2 (z-z+) (z-z_) (13)



Note that

_z i =-z =z+ +7 (14)

The general solution for this model is

-2
M(z,t) = 7 _o_<+i_+<w_+_w_z>_an_<+1

2

M(_ ,0)

2

+_7-2<w2 [ 2 7t 2]--7- (z-z+) e (z-z_) e-Tt -2w22t (z-z+) (z-z_)

(wI + 2w2z) _ , (15)

where

7t
7z - (2w + WlZ ) tanh (T)

O

7t
7 + (wI + 2w2z) tanh (_-)

(16)

Equivalently,

2

w_[M(z,t) = -_--
7

7t/2 -7t/2
e (z-z+) - e (z-z) I

2

M(_ ,0)

2

w2 _ I(z-z+)2 e 7t - (z-z)2 e-Tt+ 2 7
7

- 2t(z-z+) (z-z_)

(Wl+2W2 z)

w 2

07)

Asymptotically, that is for 7t >> i:

_ -->Z (18)



2

w2 I ] (z-z+) 2 7t (19)M(z,t) -+-_-- --_+ M (z O) e ,
7 7 -'

except in the vicinity of z = z+, where

(20)M(z,t) -+--
7

M attains its minimum value at z = z+. Hence, this is the point of

highest electron density. This maximum in the electron density occurs

irrespective of the initial conditions. The width of the peak at half-

maximum is given approximately by

[ 1-7t/2 _7 M(z- ,0) (21)
2 Iz½ - z+l = 2 w2 e I +

In the vicinity of the maximum (z = z+), the ratio of the diffusion

term to the recombination term is

2

'D _z$2M -_2D w2 I _+M (z 0)] e 7t
C_ 2 C_ 72 7 - '

(22)

The diffusion term will be negligible provided

e < 2D 2 I + N(z_,0)
w 2

(23)

To obtain a numerical estimate, the following values are employed:

7 2 x 10 -3 -i -6 -i -i < 102 2 -i
= s , w 2 = i0 s m , D = 5 x m s



N max/N(z_,0) = 8. Then

7te < 8/3 . (24)

Thus, diffusion effects maybe neglected until 7t is approximately
unity. In this example, this corresponds to 500 seconds.

2 2
Model 3: w = w + WlZ + w2z w I < 4 WoW 2o

(25)

The vertical drift velocity varies quadratically with height, but it

does not vanish anywhere. If w is written in the form

w I 2
w = w2 (z +_w2)

+ 2 1 2)½
6D

2 , 0_ = + (4WoW2-W I ,

4W 2 (26)

then the absolute value of w attains its minimum value at z = - Wl/2W 2.

The general solution is:

21 12M(z,t) = o_ o0 cos(o_t/2) + (wI + 2w2z) sin(o_t/2) M(_,0)

-2 c_ + (z+--
+_o) t 2

4w 2
I + (wI + 2w2z ) (l-oos _t)

+

2

2w 2

4w22

2

wlI(z + __--il--.) sin o_t , (27)



where:

_(t) =
_z (2Wo + WlZ ) tan(_t/2)

+ (wI + 2w2z ) tan(_t/2) (28)

Note that

.2n_.
_-g-_ = _(o) = z, n = i, 2, ..., (29)

so that

2 2

I 4w2 1M(z 2n_) = M(z,0) + _ n__ i + 2 (z + --
' _ _ _ (30)

The vertical velocity of this example also leads to a maximum in the

electron density irrespective of initial conditions. Furthermore, the

density is quasi-periodic in the vicinity of the height z = - Wl/2W2,

but its peak value soon becomes smaller than the corresponding value in

the case of the preceding drift velocity.

In the above three examples, it is evident that the time dependence

of the night-time electron density cannot be reasonably ignored. Al-

though the location of a peak value may remain fixed, the thickness and

other characteristics of a night-time Es layer vary with a characteristic

time of about an hour. Hence, a time-dependent theory is necessary for

the interpretation of sporadic E observations. A method of analysis,

taking into account fully the time-dependence of all pertinent quanti-

ties, and hence appropriate for the analysis of a closely-spaced (in

time) series of measurements of night-time electron densities, is pre-

sented in the following section.



III. OBSERVATIONALPROGRAM

The objective of the closely-spaced sequential measurementsis the
determination of the temporal variation of sporadic E and the investi-
gation of the validity of "redistribution" theories. Specifically, the
simultaneous measurementof the vertical profile of the electron density
and vertical profile of the neutral wind allows the calculation of the
ion velocity profile by two independent methods. Onemethod, outlined
in sub-section 1 below, utilizes the electron density data and Equation
(i). The second method, outlined in sub-section 2, utilizes the neutral
wind velocity data, together with a formula from the 'Wind-shear" theory
of Axford (Ref. 4). The ion velocity profiles obtained by the two in-
dependent methods will be compared to determine the contribution of
horizontal winds to the redistribution of E-region ionization.

I. Ionization Profile

In order to avoid unnecessary assumptions, Equation (i) of

Section II is simplified to the extent of neglecting horizontal varia-

tions. The result is:

_N _ (wN) + (7-N2 _ _N_--t= - _zz q - _N + (D _z ) (31)

Integrating between the limits z
O

merit:

and z yields, after some rearrange-

w(z,t) N(z,t) = w(z ,t) N(Zo,t) + D(z) _N(z,t)o _t

_N(Zo't) 7z z-D(Zo) _z - dz' _N(z',t)_t
O

O

Z

O

am !
z') - $(z') N (z',t) - _(z') N (z',t)2 I (32)

i0



The electron density N(z,t) is measureddirectly. Its vertical deriva-
tive, _N/_z, can be calculated from the measurements. If a short time
separates consecutive measurementsof N, then

_N ~ fin
fiN - N(t+f_t)-N(t)_t At '

Accordingly, the term containing the time derivative of N can be calcu-
lated. Of the other quantities appearing in Equation (32), the diffu-
sion coefficient D, the recombination coefficient _ and the attachment
coefficient _ maybe regarded as known. The production rate q maybe
equated to zero (at night), or treated as a variable parameter. The
only unknownquantity on the right side of Equation (32) is W(Zo), the
ionization drift velocity at the reference level z . The term

O

w(zo) N (z)
0

can be neglected by a special choice of zo. If zo is chosen sufficiently

low, then N(Zo) will have a negligible value. Alternatively, zo may be
chosen to coincide with a minimum of N (if such a level clearly exists),

or a maximum of N. At such points, the drift velocity W(Zo) vanishes
for many examples of the redistribution theory. Equation (32) then is

sufficient for the calculation of w(z,t).

2. Neutral Wind

In its simplest form, the relation between the vertical compo-

nent of the ionization drift velocity and the neutral winds is given by

(Ref. 6).

o_. 03. 2
l

w = w + _ cosX V - ( -- ) sinX cosX V , (33)
p _. x v. y

1 1

where _i and vi are the ion gyro - and collison frequency, X is the geo-

magnetic dip angle, Vx, Vy are the (geomagnetic) eastward and northward
components of the neutral wind, and w is a constant term due to the

polarization fields. The validity of PEquation (33) depends on the mag-

nitude of the ratio _i/_i. Hence, Equation (33) should be applicable

ii



below about 120 km. Above this altitude, the exact formula (not repro-
duced here for brevity) must be employed. If the term w_ is negligiblep
or constant, Equation (33) provides a second determination of the ioni-
zation drift velocity profile.

The results obtained by the two independent methods will be
compared, in order to check the validity of the redistribution theory
of sporadic E.

12



IV. ROCKETFLIGHTS

Five Nike Apacherockets were fired between midnight and dawnon
22 February 1968. The launch times and other data from the telemetry
records are presented in Table I. The firings were spaced at about 90
minute intervals and each carried a combined payload to measure the
electron density profile with a Langmuir probe and the wind profile by
meansof a vapor trail. The first four payloads ejected TMAon the
downwardportion of the trajectory. The fifth payload ejected a mixture
of sodium and lithium vapor. All instrumentation operated well and the
required data were obtained.

The peak altitude of the five Nike Apache rockets is given in
Table 2. These data were obtained from radar, which yielded a complete
trajectory for each vehicle. The first of the series (14.364) carried
an additional experiment attached to the second stage motor. This re-
duced the apogee altitude by about 25 km. The greater weight of the
sodium lithium canister accounts for the lower apogee of the last
vehicle (14.208).

Twoother payloads combining an airglow photometer and a vapor
trail were scheduled to precede this series. These payloads were fab-
ricated under NASW-1419and were designed to test Triethylboron as a
trail material and to measure the vertical profile of the 5577_ airglow
emission. Onepayload was fired during evening twilight on February 21,
and a bright vapor trail was produced. Difficulties in the photometer
section of the payload caused postponement of the second firing. The
payload was fired successfully during the night of 26 February and it
was concluded the TEBdoes not produce an observable chemi-luminescent
glow in the night sky.

13
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TABLE 2

APOGEE ALTITUDE FROM RADAR DATA

Nike Apache Apogee Altitude (km) Vapor

14. 364

14.365

14.366

14. 367

14. 208

156

176

181

190

168

TMA

TMA

TMA

TMA

Na-Li

15



V. IONOSONDE OBSERVATIONS

In support of the rocket observations, ionosonde data were obtained

from the J-5 at Wallops Island, operated by the Environmental Science

Services Administration. Observations were performed during the nights

of 21-22 February 1968, at intervals of five minutes except during the

rocket flights when the observations were performed at one minute inter-

vals.

After sunset, the first sporadic E was observed at 2115 EST. It

was present at a virtual height of about 120 km in sweeps up to 2130.

No sporadic E was observed at 2135, nor in subsequent sweeps up to 2300.

It was observed again at 2305 and was clearly present in sweeps up to

0035. In the following sweeps up to 0205, the sporadic E was present

with only a weak echo being recorded.

A high altitude echo at a virtual height of about 190 km was observed

first at 0210 EST. It descended and split into multiple echoes in the

following sweeps and the echoes were weak by 0310. Intensification

occurred after 0445 and several echoes were visible from 0515. Weak

echoes were present from 0605 to 0700 and then strong echoes to the end

of the sequence at 0800.

The ionograms recorded two minutes after the launch of each rocket

are shown in Figure I. These were almost simultaneous with the passage

of the rocket through the E-region. There was a horizontal separation

of approximately 40 km between the location of the rocket and the iono-

sonde at this time.

16



843

Figure i. lonograms recorded two minutes after rocket launch.
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VI. PROBEDATA

The Langmuir probe data comprise a highly interesting sequence of
electron density profiles. While several features persist through the
sequence, others exhibit marked variations. The first four profiles of
the series are presented in Figures 2 through 5. The heights of prin-
cipal ionized layers are recorded in Table 3.

The results of a previous observation (Ref. 5), have demonstrated
that the night-time E region has an irregular structure, both for a
single profile and in its variation from one night to another. The
lower altitude portion of the region, up to about 120 km, is charac-
terized by a layered structure with the ratio of maximumto minimum
electron density exceeding an order of magnitude. Above this region a
relatively smoothprofile is observed, generally having smaller electron
densities than anywhere in the lower region.

The present series of profiles indicate that both lower and upper
portions of the night-time E region show considerable variations in the
90 minutes between observations. Particularly striking is the occur-
rence of an upper layer at 140 km, which changes shape and descends in
the course of the night.

The upper layer is presumably the sameas the intermediate layer
whose occurrence has been discussed recently by Wakai (Ref. 6). The
layer is not observed in ionosonde data for quiet nights; it may, of
course, be present, blanketed by the lower region. The height, from
Wakai, is about 150 km except under severely disturbed conditions when
it is lower, at about 130 kmand is not then clearly separated from the
lower region.

In the new series of electron density profiles, the upper layer is
present even when an echo is not observed on the ionosonde, owing to the
presence of a more intense underlying layer. The height is about 140 km
in the first two profiles, but progressively lower in the succeeding
profiles: 128 km then 120 km° In the final profile, the layer has prac-
tically lost its identity in the lower region where it is centered at
about ii0 km.

The observed neutral wind velocities were used to compute the ion-
ization drift velocity w, as described by Axford, Cunnold and Gleeson
(Ref. 7). The vertical componentof the neutral wind which was not mea-
sured, but has often been shownto be small, was neglected as were the
small gravitational and partial pressure terms. The computed quantity
was

w - w = a I v I + a 2 v 2 ,P

18
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TABLE3

PRINCIPALLAYERS- 22 FEBRUARY1968

Nike Apache14.364; launch 0009 EST

Lower Layers: 95, 104 km
Upper Layer: 140 km

Nike Apache 14.365; launch 0130 EST

Lower Layers: 95, 104 km
Upper Layer: 140 km

Nike Apache 14.366; launch 0300 EST

Lower Layers: 95, 104 km
Upper Layer: 129 km

Nike Apache 14.367; launch 0430 EST

Lower Layers: 92.5, 104 km
Upper Layer: 120 km

Nike Apache 14.208; launch 0602 EST

Layers: 92.5, 109.5 km

23



where w is the motion due to electric fields and vI and v 2 are the mag-

netical_y Eastward and Northward components of the HorizonEal winds.

The coefficients aI and a2 were computed, assuming the presence of elec-
trons and one ion of mass 30. The results are included in Figures 2

through 5. The drift velocities computed from the neutral winds indi-

cate ion convergence at the peak of the upper layer and ion divergence

in the region below the peak throughout the period. The theory of re-

distribution of ionization by neutral winds apparently describes the

motion of this layer.

The lower part of the ionization profile had the characteristics

of a typical night-time E region. The primary features are the sharp

lower boundary, irregular structure and high gradients. Although major

regions of increased ionization may have persisted throughout the ob-

serving period, the detailed structure does not appear to be related to

the smooth ion drift velocity profile. Instead, the stratified ioniza-

tion profile appears to be more closely related to similar sharp fea-

tures or "corners" on the wind hodographs as has been reported pre-

viously (Ref. 8).
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